Rhesus monkeys (Macaca mulatta) were immunized with purified P fimbriae from Escherchia coli during the last trimester of pregnancy. Infants born of these mothers were compared with those from nonimmunized rhesus mothers. A delay in the onset of renal disease after bladder infection showed protection from passive immunization. This was associated with a high antibody titer in serum. In addition to delayed onset of renal infection, a decreased number of immunized monkeys developed pyelonephritis.
Rhesus monkeys (Macaca mulatta) were immunized with purified P fimbriae from Escherchia coli during the last trimester of pregnancy. Infants born of these mothers were compared with those from nonimmunized rhesus mothers. A delay in the onset of renal disease after bladder infection showed protection from passive immunization. This was associated with a high antibody titer in serum. In addition to delayed onset of renal infection, a decreased number of immunized monkeys developed pyelonephritis.
Many studies have shown the importance of P-fimbriated bacteria in colonization of the urinary tract, especially in infants and children who develop acute pyelonephritis (13, 20, 21) . Our studies with monkeys have similarly shown that P-fimbriated Escherichia coli is nephropathogenic, causing ascending acute pyelonephritis after bladder inoculation in a nonrefluxing bladder, since the specific glycolipid receptors for P-fimbriated E. coli are present on the urothelium of the monkey, as they are on the urothelium of infants and children. Indeed, we have been able to prevent acute pyelonephritis in adult monkeys by immunizing them with purified P fimbriae before experimental infection (14) .
The children of bacteriuric mothers might be a special case. Bacteriuria during pregnancy may lead to a high incidence of acute pyelonephritis in children born of bacteriuric mothers (10) . This is probably one of the earliest studies to suggest the importance of colonization factors in urinary tract infection. In these bacteriuric pregnancies, 3% of the children had acute pyelonephritis, as opposed to 0.2% of infants born of nonbacteriuric mothers (10) . Maternal immunization might prevent acute pyelonephritis in these offspring, as well as recurrent renal disease in the mothers. We therefore studied the effect of maternal immunization on a bladder challenge with P-fimbriated E. coli in infant monkeys compared with nonimmunized infant monkeys.
MATERIALS AND METHODS Animals. Eleven pregnant rhesus monkeys (Macaca mulatta) were immunized against the purified P fimbriae of E. coli. One infant was stillborn, and one died shortly after birth from maternal trauma, leaving nine experimental animals. Eight control pregnant females were monitored to term and yielded eight control infants. Infants were left with their mothers throughout the experiment.
Bacterial characteristics. The strain of E. coli (JR1) used for both immunization and challenge was isolated from a patient with acute pyelonephritis and has been used extensively in this laboratory (3, (11) (12) (13) (14) (15) . The strain is serotype 04:H1 and K-not-typable positive for P fimbriae when it is grown on colonization factor agar and in both broth and urine after 2 h of growth. The strain is positive for type 1 fimbriae when it is grown in static broth or urine for 16 h. It is also hemolysin positive when grown on blood agar overnight and motile when grown in motility agar.
* Corresponding author.
Fimbria purification. Fimbriae were purified by the method of Korhonen et al. (5) . Briefly, E. coli JR1 was grown overnight (18 h) on colonization factor agar to promote the growth of P fimbriae. We had determined previously that this time span of growth on colonization factor agar did not produce type 1 fimbriae. The bacteria were harvested in saline, and the fimbriae were sheared off in a blender surrounded by an ice bath. Centrifugation at 6,000 x g for 30 min removed cells, leaving the fimbriae in the supernatant. The fimbriae were precipitated at 4°C overnight with 50% saturation by ammonium sulfate. The precipitate was removed by centrifugation at 10,000 x g for 1 h and dialyzed against 0.01 M Tris buffer (pH 7.5) for 3 days with many changes of buffer. At each step, the presence of fimbriae was determined by electron microscopy as follows. Solution (1 drop) was placed on a Formvar carbon-coated 200-mesh copper grid for 10 min. The excess liquid was removed with filter paper, and the grid was negatively stained with 0.5% aqueous uranyl acetate for 2 min. Excess liquid was removed, and the grid was air dried and observed with a Siemens electron microscope (model 101).
Sodium deoxycholate was then added up to 0.5%, and the solution was dialyzed against 0.01 M Tris containing 0.5% sodium deoxycholate for 2 days. The suspension was then centrifuged for 10 min at 10,000 x g, and the supernatant was concentrated to about 5 ml in an Amicon ultrafiltration cell by using a membrane with a 10,000 Mr cutoff. The concentrate was layered on a discontinuous sucrose gradient (60, 50, 40, 30, 20, and 10%) and spun in a Beckman ultracentrifuge (model L8-70M) at 45,000 x g for 5 h. Fractions (2 ml each) were collected and read on a Beckman spectrophotometer (model 25) at 280 pm. The fimbriae were invariably found in fractions 8 to 12. These were pooled and dialyzed for 2 days against many changes of 0.05 M Tris buffer (pH 7.0). The sample was again concentrated to about 10 ml. Urea was added to the sample to a concentration of 6 M, and it was allowed to stand at room temperature for 2 h. Samples (2 to 3 ml) were placed on a Sephadex G-200 column and eluted with 6 M urea in 0.05 M Tris buffer. Fractions (2 ml each) were collected, and the fimbriae were found in fractions 8 to 10 through 18 to 20, depending on the size of the initial sample. Fractions were dialyzed for 3 days against distilled water to remove the urea. The protein content was then determined (6) .
Immunization. Purified fimbriae (40 ,ug) from JR1 were injected into the inguinal lymph nodes on each side (80 ,ug 2 KAACK ET AL. total) every 2 weeks until the birth of the infant. Immunization was carried on for a mean of 76.1 ± 25 days (range, 36 to 107 days). Sera were collected from the mothers at the time of each injection to monitor the antibody titers.
Quantitative renal scans. Monkeys were anesthetized with a mixture of ketamine and acepromazine. Each monkey was positioned over the Nal crystal, and body weight was fed into the ADAC Laboratories computer. The 0-min scintiphotograph was taken, followed by an intravenous injection of 100 ,uCi of ['311]hippuran. Polaroid exposures were taken every minute for 5 min. If the kidney did not clear during this time, pictures were taken every 10 min until clearance or for 60 min. The computer program yields information on percent function at 1 to 2 min, peak uptake, and effective renal plasma flow for each kidney. Clearance time is determined from Polaroid pictures of the scan.
Protocol. On the day of birth, sera were obtained from both the mother and the infant. At 1 month of age, a renal quantitative scan was done on the infant, and urine was obtained by suprapubic bladder aspiration for culture. All initial urines were sterile. A 1-ml sample containing 109 homologous E. coli JR1 was inoculated into the bladder by suprapubic puncture with a 25-gauge 5/8-in. (ca. 1.6-cm) needle. Care was taken to ascertain that the needle was in the bladder by aspirating the urine before the bacteria were introduced. Blood for a leukocyte count and urine (by suprapubic aspiration) for culture were obtained at 0 h, 4 days, and then each week until leukocytosis occurred together with a change in the renal scan which suggested pyelonephritis (7). It has previously been ascertained that the bacterial strain used in these experiments produces pyelonephritis. We have shown that a combination of decreased renal blood flow, delayed uptake peak activity, and delayed excretion of radioactive isotope from the kidney was always indicative of pyelonephritis in the presence of leukocytosis and bacteriuria (3, 9, (12) (13) (14) (15) . Since the infants in the present experiment were challenged with a bladder inoculum, the infection at times affected both kidneys. In these cases, the kidney with the longer clearance time was chosen for nephrectomy. The disease was not often allowed to become severe, as we were anxious to prevent the death of the infant. Therefore, nephrectomy was performed at a time when leukocytosis was marked if renal scans indicated a delay in clearance of the isotope of at least twice the normal time. Unilateral nephrectomy of the kidney showing this functional defect was then done under ketamine and halothane anesthesia. The infant was then treated with antibiotics for 10 days to clear any infection in the remaining kidney. Blood and urine testing was done at 1 and 2 weeks postnephrectomy, and, if normal, the animals were returned to the colony. If clinical pyelonephritis did not occur, a unilateral nephrectomy was performed at 6 weeks after infection.
Nephrectomy. Unilateral nephrectomy was performed under sterile operating conditions with ketamine hydrochloride followed by halothane inhalation anesthesia. The kidney was weighed, and half of the kidney was used for culture to determine the number of bacteria per gram of tissue. The other half was fixed in 10% Formalin and stained with hematoxylin and eosin for histology as previously reported (13, 14) .
Pathology. Histological sections were examined by the pathologist in a double-blind manner according to established histologic parameters (2) . The sections were rated for the following parameters: edema, hemorrhage, tubular and interstitial neutrophils, tubular and interstitial mononuclear cells, fibrosis, scarring, pelvic infiltrate, epithelial destruction, glomerular invasion, subcapsular invasion, tubular dilatation, tubular atrophy, and percentage of kidney involved. Rating was on a basis of 1 to 4, with 4 being the most severe (13) . Acute pyelonephritis is associated with a marked inflammatory exudate in areas of bacterial growth, tubular damage, and death with microabscess formation.
Reparative responses with fibrosis and scarring, i.e., a mononuclear cell infiltrate especially in the subcapsular, pelvic, and periglomerular regions, were considered to be indications of subacute to chronic pyelonephritis. When these changes involved only the renal pelvis, they were considered to be indications of pyelitis.
Lipopolysaccharide extraction. Lipopolysaccharide was purified from E. coli JR1 by the phenol-water extraction method of Westphal and Jann (19) .
Titers. Titers of antibody to the 0 antigen were assayed by enzyme-linked immunosorbent assay with purified lipopolysaccharide from the homologous E. coli as the antigen. Titers of antibody to P fimbriae were assayed by enzymelinked immunosorbent assay with purified fimbriae from the homologous organism as the antigens. Urease conjugated to anti-human immunoglobulin G (IgG) with urea as the substrate (Allelix, Canada) was used in both assays. Goat anti-human IgM heavy chain was obtained from Louis Martin of the Delta Primate Center (8) . The antibody was conjugated to alkaline phosphatase (Sigma Chemical Co.) by a two-step glutaraldehyde process followed by purification of the conjugate on a Sephadex G-25 column (17) . Anti-P fimbria IgM was determined by enzyme-linked immunosorbent assay with p-nitrophenyl phosphate as the substrate.
Total IgG and IgM were determined by radial immunodiffusion (4) with goat antiserum to rhesus IgG heavy chain (7) and anti-human IgM supplied by Louis Martin.
Statistics. Comparisons between groups were done by the t test for independent samples.
RESULTS
The immunized and control animals, numbered 1 through 9 and 1 through 8, respectively, have been kept in the same order throughout, so that the data in the four tables can be compared.
Antibody (IgG) to P fimbriae was found at birth only in the immunized mothers and their offspring in every case ( Table  1 ). The titers declined over the first month, but after infection, some of the infants showed an increase in titers of antibody specific to P fimbriae. These titers tended to decline by a week after nephrectomy, and by the time these infants were a year old, the titers of specific antibody had all but disappeared. The control infants developed very low titers of antibody (IgG) to P fimbriae only as a response to infection (Table 1) . These titers were never very high because the course of infection was interrupted by nephrectomy and antibiotic treatment. Titers of antibody to 0 antigen were negligible in both groups of infants when compared with titers of anti-P fimbria antibody.
The immunized infants took a significantly longer time after infection to show symptoms of acute pyelonephritis.
The maximum leukocytosis occurred earlier in control infants (9.57 ± 4.3 days) than in the passively immunized infants (25.14 ± 9.6 days) (P = .0012) ( Table 2 ). There was no significant difference in leukocyte counts between infant groups at birth or at peak infection. This lack of statistical difference shows that the infants were in relatively the same stage of infection at the time of nephrectomy. The mean Table 4 . There was a significant (P = 0.01) positive correlation between the anti-P fimbria IgG titers at the time of infection and the times from infection to nephrectomy (r = 0.6789). There was no correlation between 0 antibody titers at the time of infection and the times from infection to nephrectomy (r = 0.3769). Table 3 also shows the pathologic clinical diagnoses for all infants and the amount of kidney involvement according to the rating of the pathologist. The values are not significantly different, which shows a correlation between the clinical and pathologic diagnoses of the kidneys removed at the first sign of renal infection. Table 3 also gives kidney weights at the time of nephrectomy and bacterial counts of kidney cultures from part of the nephrectomized kidney.
Other parameters in the rating of the pathologist, such as the presence of neutrophils and mononuclear cells in the tubules and interstitium, pelvic infiltration, subcapsular invasion, and tubular atrophy, also showed no significant differences, as would be expected from tissue at the height of infection. Since the differences were not significant, the data are not shown. Figure 1 shows total IgM and IgG in serum for 1 month (0 h) and for the period of infection for the infants in this study. By 16 ,000 was required for some protection, indicated by a delay in the onset of renal infection, as well as an actual decrease in the number of passively immunized monkeys with renal infections. The correlation between the P fimbria antibody titer and the time that it took to develop pyelonephritis is indicative of the importance of adhesion by P fimbriae in the etiology of the disease. The lack of correlation with the 0-antibody titer makes it unlikely that 0 antibodies played a part in the protection. We found this same result previously by monitoring active immunization of adult cynomolgus monkeys (Macaca fascicularis) with P fimbriae (14) . The present study shows that immunization against the P fimbriae of E. coli was protective in some infants and significantly delayed the onset of an acute infection in others. In passively immunized infants, bacteriuria was monitored for an average of 19.78 days before leukocytosis and an abnormal renal scan suggested that the disease had progressed to acute pyelonephritis or pyelitis. In the control infants, this progression took an average of 10.12 days. Any discrepancy between the duration of bacteriuria and the time of nephrectomy was merely a matter of scheduling surgery and the fact that five of the infants did not get infected. Local urinary antibodies were not measured. It may be that the transfer of antibodies in serum to the kidneys is responsible for the protective effect since the titer needed for protection is so high. The alternative would be that very small portions of the antibodies are active. These possibilities will be noted in future studies. Since it is known that most renal scarring results from infection during infancy (20) , it might be advantageous to immunize the mothers of susceptible infants, particularly since infants of bacteriuric mothers have urinary tract infections more frequently than those born of nonbacteriuric mothers (10) . Unfortunately, we do not know with assurance which infants are at risk if their mothers do not have bacteriuria.
The immunoglobulin responsible for passive immunization of infants by transplacental passage is IgG (16, 18) . The passive route of immunization was confirmed with our infants by the lack of specific anti-P fimbria IgM in either group at birth and the presence of specific anti-P-fimbria IgG in the immunized group. While total IgM increased significantly after birth, as expected for normal newborn monkeys (18) , specific anti-P-fimbria IgM appeared only in the control animals as a result of infection and preceded the production of specific anti-P fimbria IgG. High anti-P fimbria IgG titers did not have time to develop in the control infants because nephrectomy was performed at the peak of the infection and was followed by antibiotic therapy. The fact that after infection specific anti-P fimbria IgM did not appear in passively immunized infants is interesting and could be due to the specific anti-P fimbria IgG that was already present in these infants. Leaving the infants with their mothers would not augment the amount of antibody in our IgG measurements; however, it may account for the increase in total IgM. Human colostrum is known to contain secretory IgA and IgM but very little IgG (1), and we are assuming that nonhuman primates react in the same manner since they are closely related to man.
